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Abstract 

Recent radio emission, polarization, and Faraday rotation maps of 
the radio jet of the galaxy 3C 303 have shown that one knot of this jet 
has a galactic-sc&le electric current of ~ 3 x 10^** Ampere flowing along 
the jet axis (Kronberg et al. 2011). We develop the theory of relativis- 
tic Poynting-flux jets which are modeled as a transmission line carrying 
a DC current Jq, having a potential drop Vq, and a definite impedance 
Zq — 90{uz/c)fl, where is the bulk velocity of the jet plasma. The elec- 
tromagnetic energy flow in the jet is ZqIq. The observed current in 3C 303 
can be used to calculate the electromagnetic energy flow in this magneti- 
cally dominated jet. Time-dependent but not necessarily small perturba- 
tions of a Poynting-flux jet - possibly triggered by a gas cloud penetrating 
the jet - are described by "telegrapher's equations, " which predict the 
propagation speed of disturbances and the effective wave impedance Z. 
The disturbance of a Poynting jet by the cloud gives rise to localized dissi- 
pation in the jet which may explain the enhanced synchrotron radiation in 
the knots of the 3C 303 jet, and in the apparently stationary knot HST-1 
in the jet from the nucleus of the galaxy M87 (Biretta et al. 1999). 

The formation of a Poynting-flux jet can be traced back to the dy- 
namics of a large-scale magnetic field threading the accretion disk around 
a black hole. This magnetic field can arise from the dynamo processes in 
the disk triggered by a star-disk collision. The field may be sufficiently 
strong that it suppresses the magneto-rotational instability with the re- 
sult that the disk is non-turbulent and without viscosity. The disk will 
however continue to accrete owing to the angular momentum outflow in 
the Poynting-flux jet. 



Introduction: Radio emission, polarization, and Faraday rotation maps 
of the radio jet of the galaxy 3C303 (Kronberg et al. 2011) reveal that one 
longitudinal segment of this jet has a galactic-scsXe electric current owing along 
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Figure 1: Sketch of the magnetic field configuration of a Poynting jet adapted 
from Lovelace and Romanova (2003). The bottom part of the figure shows the 
initial dipole-like magnetic field threading the disk which rotates at the angular 
rate ft{r). The O— point of the initial field is at tq. The top part of the figure 
shows the jet at some time later when the head of the jet is at a distance Z{t). 
At the head of the jet there is force balance between electromagnetic stress of 
the jet and the ram pressure of the ambient medium of density pcxt- 

the jet axis. This current can be interpreted as a relativistic Poynting-flux jet. 
Here, we develop the theory of relativistic Poynting-fiux jets by utilizing the 
analogy between the jets with transmission lines. 

Theory: In cylindrical (r, 0, z) coordinates with axisymmetry assumed, the 
magnetic field has the form B — 'Bp + Bcf,(p , with Bp = BrV + B^z, and Br = 
-{l/r){d^/dz), and B^ = {l/r){d1'/dr). Here, ^'(r, z) = rA^{r,z) is the flux 
function. A simple form of this function is ^(r, 0) = (l/2)r^_Bo/[l + 2(r/ro)^], 
where Bq is the axial magnetic field strength in the center of the disk, and 
tq is the radius of the O— point of the magnetic field in the plane of the disk 
as indicated in Figure 1. This field could arise for t > from dynamo pro- 
cesses in the disk triggered by a star-disk collision as discussed by Pariev, Col- 
gate, & Finn (2007). The field may be sufficiently strong that it suppresses 
the magneto-rotational instability (MRI) so that the disk is non-turbulent and 
without viscosity. The disk will however continue to slowly accrete owing to the 
angular momentum outflow in the Poynting jet which gives a radial accretion 
speed much less than the Keplerian velocity of the disk. This ^E* is taken to 
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apply for r > even though it is not valid near the horizon of the black hole. 
The contribution from the latter region is negligble for the considered condi- 
tions where {rg/rof <^ 1, where rg = GM/c^. For a corotating disk around 
a Kerr black hole the disk's angular velocity viewed from a large distance is 
fl = [c^/{GM)]/[at, + (r/rg)"^/^], for r > rms where r^s is the innermost stable 
circular orbit and o* is the spin parameter of the black hole with < a, < 1. 

At large distances from the disk {z ^ rg) the the flux function solution of 
the force-free Grad-Shafranov equation is found to be 

^4/3 

[27^ (r2 - 1) ]2/3 ' ^ ' 

(Lovelace & Romanova 2003), where T is the Lorentz factor of the jet, f = r/ro, 
^ = */*o with = ?o-Bo/2, and Tl = ro/vg. This dependence holds for 
ri = [2(r2 - l)]i/2/7e < f < f2 = [27^(^2 - l)]i/2/33/4^ ^t the inner radius n, 
4" = l/TZ^, which corresponds to the streamline which passes through the disk 
at a distance r = Vg. For f < fi, we assume ^ (x r^, which corresponds to 

= const. At the outer radius f2, ^ = (^)max = 1/3 which corresponds to 
the streamline which goes through the disk near the O— point at r = tq. Note 
that there is an appreciable range of radii if V?/'^ ^ 1. 

For fi < r <f2, the field components of the Poynting jet are 

_ _ 2 f~2/3 
Er = -V2 (r^ - 1)V2 B,, B, = -V2rB^, B, = - ^^^^^^ _ ^^^^^3 ■ (2) 

This electromagnetic field statisfies the radial force balance equation, dB"^ jdr -\- 
(\lT^)d\r\Bl-El)\ldr = Q. 

At the jet radius r2, there is a boundary layer where the axial magnetic field 
changes from B^iri — e) to zero at -\- e, where £ <^ r2 is the half- width of 
this layer. The electric field changes from Er{r2 — e) to zero at r2 + e. The 
toroidal magnetic field changes from B^{r2 — e) to B^{r2 + e) where this change 
is fixed by the radial force balance. Thus for r > r2, we have Er = 0, B^ = 0, 
and B^ = V^B,ir2 - e)(r2/r) = ^/{3/2)T-'^B^{r2 - s){r2/r). Equivalently, 
B^{r2 + e)/B^{{r2 - e) = ./3/2/r. 

The toroidal magnetic field for r > r2 applies out to an 'outer radius' rs 
where the magnetic pressure of the jet's toroidal magnetic field, B'^ir^) /St: , bal- 
ances the external ram pressure Pex = Peyi + Pexidrs/dt)^ , where Pex = '^exfeelex 
is the kinetic pressure of the external intergalactic plasma and pex is its density. 
The outward propagation of the jet will be accompanied by the non-relativistic 
expansion the outer radius, dr^/dt > 0. 

We take as the 'jet current' the axial current Iq fiowing along the jet core 
r < r2 — c. From Ampere's law, B,p{r2) = — 2/o/(cr2) or in convenient units, 
B^[G\ = — /o[A]/(5r[cm]). The net current carried by the jet {r < r2 + e) is 

Inet — \/3/2r ^Iq. 

Using equations (2), the energy flux carried by the Poynting jet can be 
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expressed as 



c r'^ 3 
Ej = - I rdrErB^ = ZqI^ , where Zq = -/3 [cgs] = 90/3 n [MKS] , (3) 

2 Jo c 

and /3 = Uz/c = (1 — F"^)^/^. Here, Zo is the DC impedance of the Poynting 
jet. The conversion to MKS units is -J> (47r)~^(/xo/eo)^/^ = 30 fJ. Earher, 
the impedance of a relativistic Poynting jet was estimated to be ~ (Lovelace 
1976). 

For the observed axial current in the E3 knot in the jet of 3C 303, 3 x 10^^ 
A (Kronberg et al. 2011), the electromagnetic energy flux is « 8 x 10*^/3 
erg s~^. This energy flux is much larger than the photon luminosity of the jet 
of 3.7 X 10*1 erg s'^ integrated over 10^ to 10^'^ Hz (Kronberg et al. 2011) 
assuming /3 is not much smaller than unity. For the E3 knot the jet radius is 
r2 ~ 0.5 kpc so that B^{r2) ~ 0.4 mG. The E3 knot is about 17.7 kpc from the 
galaxy nucleus. 

Transmission Line Analogy: Here, we interpret the Poynting jet de- 
scribed by equations (6) - (8) in terms of a transmission line analogy as suggested 
by Lovelace & Ruchti (1983). The different physical quantities are measured in 
the 'laboratory' frame which is rest frame of the plasma outside of the jet at 
r >r2- The effective potential drop across the transmission line is taken to be 

y. = -i../'-*E.W = (4) 

where the factor of one-half accounts for the fact that the transmission line does 
not consist of two conduction surfaces. 
The axial current flow of the jet is 

-fo = -Jcr2B^(r2) = ^ , (5) 

with Zq given by equation (3). The units of equations (4) and (5) are cgs. In 
MKS units note that a current 7o = 3 x 10^^ A gives a voltage Vq = 2.7 x 10^°/3 
V. 

Electric and Magnetic Field Energies: The electric field energy per 
unit length of the jet in MKS units is 

We = H rdrEl = \cvS , where C = ^ (6) 

is the capacitance per unit length in Farads per meter and eo = 8.854 x 10~^^ 
F/m. 

The magnetic energy per unit length of the jet in MKS units is 



4 



Here, B^^ is the toroidal field at r2 + s- Carrying out the integrals we find 

1 



3mo 
4tt 



1 



2r2 ' 2r2 v^2y 



(8) 



which is the inductance per unit length in Henries per meter with = AwxlO ^ 
H/m. 

Telegrapher's Equations: Time and space (z— )dependent but not neces- 
sarily small perturbations of a Poynting-fiux jet are described by the Telegra- 
pher's equations, 
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dt 
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1 dAV 

L dz 



(9) 



where (AV, A/) represent deviations from the equilibrium values (Vb, /q)- The 
equations can be combined to give the wave equations 



d^ 
dt^ 



d'^ 

-ur„—\ {AV, AI) = 



where 



/LC 
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\r2 



-1/2 



(10) 



(11) 



is the phase velocity of the perturbation. The general solution of equation (21) 



IS 



AV = AV+ {z ~ u^t) + AVI (z + u^t) , 
AI = AI+ {z - u^t) + A7_ {z + u^t) . 

It is readily shown that AV+ = ZAI^ and AF_ = —ZA1_ , where 



1 + ^ + 



1/2 



[MKS]. 



(12) 



(13) 



Irregularity in the Transmission Line: The transmission line may have 
an irregularity appear in it due for example to the intrusion of a plasma cloud 
at t > 0. The irregularity can be modeled as an extra impedance or 'load' 
across the transmission line at z = 0. This impedance is considered to go from 
^^(t < 0) = cx) to a constant value for f > 0. In general Z^ is complex 
with, for example, a positive imaginary part if it is dominantly capacitive. On 
either side of the discontinuity the line is assumed to have a real impedance Z 
given by equation (13). On the upstream side of Zn [z < 0), the line voltage 
is Vo -h AV- , where AV- is the backward propagating wave. The current on 
this part of the line is Iq + A/_. There is no forward propagating wave for 
the considered conditions. On the downstream side of Zg, the line voltage is 
Vb -|- AV^ and the current is Iq + Alt, where (AV*, Alt = AVt/Z) represents 
the transmitted wave. 
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The standard conditions on the potential and current flow at 2,i (z = 0) give 
Vo + AV- =Vo + AVt and Iq + A/_ = + /q + Alt , where Ii = {Vo + AV- ) /Zi 
is the current flow through Z^. In this way we find 

Note that for Zg oo, both AV- and AVt tend to zero. 
The power loss rate in the load Z^ is 

Z, - {2Z, + Zf^^ ■ ^^^^ 

We assume that this power goes into accelerating charged particles which in 
turn produce the observed synchrotron radiation. This power could account for 
the emission of the E3 knot of 3C 303 (Kronberg et al. 2011) and the emission 
of the HST-1 knot in the M87 jet (Birctta 1999). 
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